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Abstract

Objective: To investigate the serologic response, predictors of response, and

clinical outcomes associated with severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) vaccination and infection in ozanimod-treated participants

with relapsing multiple sclerosis (RMS) from DAYBREAK. Methods: DAY-

BREAK (ClinicalTrials.gov-NCT02576717), an open-label extension study of

oral ozanimod 0.92 mg, enrolled participants aged 18–55 years with RMS who

completed phase 1–3 ozanimod trials. Participants who were fully vaccinated

against SARS-CoV-2 with mRNA or non-mRNA vaccines, were unvaccinated,

and/or had COVID-19–related adverse events (AEs, with or without vaccina-

tion) and postvaccination serum samples were included (n = 288). Spike recep-

tor binding domain (RBD) antibody levels (seroconversion: ≥0.8 U/mL) and

serologic evidence of SARS-CoV-2 infection (nucleocapsid IgG: ≥1 U/mL) were

assessed (Roche Elecsys/Cobas e411 platform). Results: In fully vaccinated par-

ticipants (n = 148), spike RBD antibody seroconversion occurred in 90%

(n = 98/109) of those without serologic evidence of prior SARS-CoV-2 expo-

sure (100% [n = 80/80] seroconversion after mRNA vaccination) and in 100%

(n = 39/39) of participants with serologic evidence of viral exposure. mRNA

vaccination predicted higher spike RBD antibody levels, whereas absolute lym-

phocyte count (ALC), age, body mass index, and sex did not. COVID-19–
related AEs were reported in 10% (n = 15/148) of fully vaccinated participants

—all were nonserious and not severe; all participants recovered. Interpretation:

Most ozanimod-treated participants with RMS mounted a serologic response to

SARS-CoV-2 vaccination and infection, regardless of participant characteristics

or ALC levels. In this analysis, all COVID-19–related AEs post–full vaccination
in participants taking ozanimod were nonserious and not severe.

Introduction

Ozanimod, a sphingosine 1-phosphate (S1P) receptor

modulator that binds with high affinity selectively to S1P

receptor subtypes 1 and 5, is approved in multiple coun-

tries for the treatment of adults with either relapsing forms

of multiple sclerosis (RMS) or moderately to severely active

ulcerative colitis.1,2 Ozanimod blocks lymphocyte egress

from lymphoid tissue, reducing the number of lymphocytes

in peripheral blood, and is hypothesized to exert therapeu-

tic effects in RMS by limiting lymphocyte migration into

the central nervous system.1–3

In an exploratory analysis of a phase 1 study, ozanimod

reduced absolute lymphocyte count (ALC) levels in the
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peripheral blood of participants with RMS, an effect that

was primarily driven by decreases in circulating T and B

cells, with minimal effects on levels of other leukocyte

types (e.g., monocytes, natural killer cells, and natural

killer T cells).4 T and B lymphocytes play a role in the

production of antibodies and immunological memory

against severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2)5; therefore, multiple sclerosis (MS)

disease-modifying therapies (DMTs) that sequester (e.g.,

S1P receptor modulators) or deplete (e.g., anti-CD20

therapies) T and/or B cells may impact the serologic

response to SARS-CoV-2 vaccination or infection.5–15

The ability of ozanimod-treated participants to mount a

response to SARS-CoV-2 infection was observed in an

interim analysis of the DAYBREAK open-label extension

trial, where COVID-19–related adverse events (AEs) were

largely nonserious, and most participants recovered with-

out sequelae.16 There is insufficient evidence available

regarding the impact of ozanimod on the serologic

response to SARS-CoV-2 vaccination and/or infection.

Given that most patients with MS are willing to be vacci-

nated against SARS-CoV-2,17 the primary aim of this retro-

spective analysis was to investigate the serologic response to

SARS-CoV-2 vaccination and clinical outcomes of COVID-

19 in vaccinated ozanimod-treated participants with RMS

from the DAYBREAK trial, with a secondary aim of deter-

mining the serologic response to infection.

Methods

Study design

Participants with RMS who completed any of the four oza-

nimod phase 1, 2, or 3 “parent” trials were eligible to enter

a single-arm, open-label, phase 3 trial of oral ozanimod

0.92 mg (DAYBREAK, ClinicalTrials.gov: NCT02576717;

EudraCT: 2015-002500-91).16 The phase 1 trial was a ran-

domized, 12-week, open-label pharmacokinetic/pharmaco-

dynamic study of oral ozanimod 0.46 or 0.92 mg/d.4 The

phase 2 study was a randomized, double-blind, 24-week,

placebo-controlled study of oral ozanimod 0.46 or

0.92 mg/d, followed by a 24-month dose-blinded extension

where all participants received ozanimod.18 The two phase

3 trials (RADIANCE and SUNBEAM) were randomized,

double-blind trials comparing oral ozanimod 0.46 or

0.92 mg/d with intramuscular interferon b-1a 30 lg/wk—
phase 3 RADIANCE lasted 24 months and SUNBEAM

continued until the last participant was treated for

12 months.19,20 Participants from the phase 3 trials under-

went a 1-week dose escalation upon entry into DAYBREAK

(participants received ozanimod 0.23 mg on days 1–4, oza-
nimod 0.46 mg on days 5–7, and then their assigned dose

of ozanimod 0.92 mg on day 8 and thereafter), whereas

dose escalation was not performed for participants from

the other trials unless there was more than a 14-day gap in

treatment. DAYBREAK began on October 16, 2015, and all

parent trials were completed by October 20, 2017; thus, all

participants were receiving ozanimod 0.92 mg prior to the

COVID-19 pandemic. DAYBREAK was conducted in 25

countries in Europe and North America, plus South Africa

and New Zealand, and was completed in January 2023.

The phase 1, 2, and 3 studies were approved by institu-

tional review boards and were designed and monitored in

compliance with the principles of Good Clinical Practice

as required by regulatory authorities and in accordance

with the Declaration of Helsinki. All participants provided

written informed consent, and all DAYBREAK partici-

pants reconsented.

Participants

Upon entry into the phase 1–3 studies, participants were

18–55 years of age with RMS, had brain magnetic reso-

nance imaging lesions consistent with MS, and had an

Expanded Disability Status Scale score of 0–5.0 (phases 2

and 3) or 0–6.0 (phase 1). Participants in DAYBREAK who

were fully vaccinated by October 11, 2021, and/or had

COVID-19–related AEs (with or without vaccination) and

serum samples available postvaccination were included in

this analysis (n = 148). In this set of participants, serum

samples were available at time points ranging from 1 day

to 229 days postvaccination. All unvaccinated participants

in the serologic dataset (n = 209) had investigator reported

COVID-19–related AEs before October 11, 2021; however,

some (n = 69) were not included in the analysis because

they were not detected to have nucleocapsid antibodies.

The remaining unvaccinated participants with detectable

nucleocapsid antibodies (n = 140) were included.

Procedures

Serum samples were collected every 3 months throughout

DAYBREAK, until February 2020, when the protocol was

amended to include measurements every 3 months for

3 years and every 6 months thereafter. Participants in

DAYBREAK received vaccination against SARS-CoV-2 at

their, and the investigator’s, discretion. In this analysis,

participants were grouped by mRNA (Moderna or Pfizer)

or non-mRNA (AstraZeneca, Johnson & Johnson, Sino-

pharm, or Sputnik) vaccine types, as mRNA vaccines have

been associated with increased seroconversion rates com-

pared with non-mRNA vaccines in patients with MS.21

Fully vaccinated was defined as two doses of vaccine,

except for Johnson & Johnson where one dose was con-

sidered fully vaccinated. Serology outcomes were assessed

from January 13, 2020, to October 11, 2021; clinical
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outcomes were assessed through January 28, 2022. A

wider window was used for clinical outcomes to allow for

more outcomes to be observed after vaccination.

Serology analysis

The Elecsys anti-SARS-CoV-2 assay and Cobas e411 ana-

lyzer (F. Hoffmann-La Roche, Basel, Switzerland) were

used, according to the manufacturer’s instructions, to

measure SARS-CoV-2 spike protein receptor binding

domain (RBD) antibodies and SARS-CoV-2 nucleocapsid

antibodies.22 The anti-SARS-CoV-2 assay detects the pres-

ence of low levels of spike RBD antibodies with high sen-

sitivity (97.92%; 95% confidence interval: 95.21–99.32)
and specificity (99.95%; 95% confidence interval: 99.87–
99.99).23 Per the manufacturer’s instructions, spike RBD

antibody levels ≥0.8 U/mL were considered an indicator

of seroconversion (i.e., the lowest quantity of antibody

that determines reactivity for spike RBD-specific

antibodies),24 and nucleocapsid antibody seroconversion

was defined as immunoglobulin G (IgG) levels ≥1 U/mL

(i.e., seropositivity due to SARS-CoV-2 infection).25 Par-

ticipants who were nucleocapsid antibody negative are

referred to as those who did not have serologic evidence

of SARS-CoV-2 exposure, and participants who were

nucleocapsid antibody positive are referred to as those

who had serologic evidence of SARS-CoV-2 exposure.

For COVID-19–related AEs, cases were considered con-

firmed by polymerase chain reaction or antigen testing.

Suspected COVID-19 cases were pending confirmation of

SARS-CoV-2 infection from the site, had a negative poly-

merase chain reaction test, or were considered as such at

the investigator’s discretion.

AE reporting

COVID-19–related AEs were reported and characterized

by investigators in terms of severity and seriousness at

their discretion. An event was considered mild if it was

transient and did not interfere with the participant’s daily

activities, moderate if it introduced a low level of incon-

venience or concern to the participant and may have

interfered with daily activities, or severe if it was incapaci-

tating and interrupted the participant’s usual daily activ-

ity. An AE was considered serious if it was life-

threatening, required hospitalization or prolongation of

existing hospitalization, or resulted in significant disabil-

ity, a congenital abnormality, or death.

Statistical analyses

Descriptive statistics for the different exposure and vacci-

nation status groups were provided based on the

distribution of the reported variable; spike RBD antibody

levels were log-transformed for data visualization (log10

was used to expedite comparisons with existing published

data) and analysis (log2 was used as a normalizing data

transformation). Differences (p value <0.05) between pre-

vaccinated/unvaccinated participants and vaccinated par-

ticipants, non-mRNA and mRNA vaccine groups, and

participants with and without serologic evidence of

SARS-CoV-2 exposure were tested via unpaired two-tailed

t-test for log2 SARS-CoV-2 spike RBD antibody levels. A

linear model regressed log2 SARS-CoV-2 spike RBD levels

on vaccine type (including none), age, log2-ALC, body

mass index (BMI), and sex to determine predictors of

spike RBD antibody levels (in participants with and with-

out serologic evidence of SARS-CoV-2 exposure) and

seroconversion (in participants with serologic evidence of

SARS-CoV-2 exposure). A Fisher exact test was used to

test the association of seroconversion with vaccine type in

participants without serologic evidence of SARS-CoV-2

exposure. Due to the retrospective, exploratory nature of

this study, all statistical comparisons are considered

hypothesis generating rather than declarative, and p values

are nominal.

Results

Participant disposition and baseline
characteristics

Among the 288 participants with serologic data from DAY-

BREAK (January 2020–October 2021), 109 were nucleocap-
sid antibody negative (no serologic evidence of SARS-CoV-

2 exposure) and 179 were nucleocapsid antibody positive

(serologic evidence of SARS-CoV-2 exposure; Fig. 1). Of

the 288 participants with serologic data included in this

analysis, 148 were fully vaccinated with either mRNA

(Moderna or Pfizer; n = 108) or non-mRNA (AstraZeneca,

Johnson & Johnson, Sinopharm, or Sputnik; n = 40) vac-

cines, and 140 participants were not vaccinated (Fig. 1).

Baseline demographics and disease characteristics were rel-

atively similar between the vaccinated and unvaccinated

groups, except unvaccinated participants were younger

(mean age of 36.7 years) than vaccinated participants

(mean age of 41.5 years, p < 0.0001; Table 1). Mean

(range) exposure to ozanimod was 2120 (1372–3066) days
for the 288 participants included in this analysis.

Response to SARS-CoV-2 vaccination in
participants without prior SARS-CoV-2
exposure

Samples used to measure spike RBD antibody indices

were collected a median (interquartile range) of 60 (32–
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Figure 1. Flow diagram of participants included in this analysis. aAll unvaccinated participants in the serologic dataset had COVID-19 adverse

events prior to October 11, 2021; however, some were not included in the analysis because they were not detected to have nucleocapsid

antibodies. COVID-19 may have only been suspected, or in some cases the adverse event preceded the serologic time points by many months.
bFully vaccinated prior to at least 1 serologic time point. cSARS-CoV-2 nucleocapsid antibodies were detected for at least 1 serologic time point.

Participants who were nucleocapsid antibody negative did not have serologic evidence of SARS-CoV-2 exposure, and participants who were

nucleocapsid antibody positive had serologic evidence of SARS-CoV-2 exposure. COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.

Table 1. Baseline demographics and characteristics of vaccinated and unvaccinated participants.

Analysis population (n = 288)

Vaccinated (n = 148) Unvaccinated (n = 140)

Nucleocapsid

antibody positive (n = 39)

Nucleocapsid

antibody negative (n = 109)

Nucleocapsid

antibody positive (n = 140)

Spike RBD antibody seroconversion, n %

Positive 39 (100) 98 (90) 135 (96)

Negative 0 11 (10) 5 (4)

Age, years (range) 44 (24–56) 41 (23–56) 37 (19–56)

Female, n % 29 (74) 80 (73) 95 (68)

ALC 3 109/La (range) 0.9 (0.3–2.9) 0.7 (0.2–2.2) 0.7 (0.1–3.0)

BMI, kg/m2 (range) 25 (13–39) 25 (17–42) 25 (14–45)

Total ozanimod exposure, days (range) 2103 (1455–2823) 2177 (1448–3066) 2080 (1372–2948)

Spike RBD antibody levels ≥0.8 U/mL were considered an indicator of seroconversion. Participants who were nucleocapsid antibody negative did

not have serologic evidence of SARS-CoV-2 exposure, and participants who were nucleocapsid antibody positive had serologic evidence of SARS-

CoV-2 exposure.

ALC, absolute lymphocyte count; BMI, body mass index; RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2.
aNormal range: 1.0–3.4 9 109/L.
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85) days postvaccination. Spike RBD antibody serocon-

version (≥0.8 U/mL spike RBD antibody levels) occurred

in 90% (98/109) of fully vaccinated participants with no

serologic evidence of SARS-CoV-2 exposure, with the

group having a spike RBD antibody mean (range) of

386.7 (0.4–4572) U/mL (Fig. 2). In fully vaccinated par-

ticipants with no serologic evidence of SARS-CoV-2 expo-

sure, significantly higher spike RBD antibody levels were

observed with mRNA versus non-mRNA vaccines (mean

[range]: 512.6 [1.3–4572] U/mL versus 39.3 [0.4–368.5]
U/mL, respectively, p < 0.0001; Fig. 3). A total of 100%

(80/80) of participants who received an mRNA vaccine

seroconverted, whereas seroconversion occurred in 62%

(18/29) of participants receiving a non-mRNA vaccine

(Fig. 3). All participants who received the AstraZeneca

vaccine seroconverted (n = 5/5). Participants who did not

seroconvert (11/29) received either the Johnson & John-

son (n = 3/6), Sinopharm (n = 6/16), or Sputnik (n = 2/2)

vaccines.

In 108 fully vaccinated participants with no serologic evi-

dence of SARS-CoV-2 exposure for whom postvaccination

samples were available, mRNA vaccines were predictive of

higher antibody levels (linear regression: 60-fold increase)

and seroconversion (Fischer exact: p < 0.0001) versus non-

mRNA vaccines. There was no evidence of an association

between participant characteristics and serologic response

to SARS-CoV-2 vaccination. Age, ALC, BMI, and sex were

not predictive of spike RBD antibody levels in fully vacci-

nated participants without serologic evidence of SARS-

CoV-2 exposure (ALC is shown in Fig. 4).

Figure 2. Serologic response to SARS-CoV-2 vaccination. Spike RBD antibody levels ≥0.8 U/mL were considered an indicator of seroconversion.

The horizontal dashed line represents the seroconversion threshold (0.8 U/mL). Participants who were nucleocapsid antibody negative did not

have serologic evidence of SARS-CoV-2 exposure, and participants who were nucleocapsid antibody positive had serologic evidence of SARS-CoV-

2 exposure. The p value was determined via t-test for log2 SARS-CoV-2 spike RBD antibody levels. RBD, receptor binding domain; SARS-CoV-2,

severe acute respiratory syndrome coronavirus 2; SD, standard deviation.
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Response to SARS-CoV-2 vaccination in
participants with prior SARS-CoV-2 exposure

Spike RBD antibody seroconversion occurred in 100%

(39/39) of fully vaccinated participants with serologic evi-

dence of SARS-CoV-2 exposure (Fig. 2). Significantly

higher spike RBD antibody levels were observed in fully

vaccinated participants with serologic evidence of SARS-

CoV-2 exposure compared with those without exposure

(mean [range]: 5537 [12.4–44,260] U/mL versus 386.7

[0.4–4572] U/mL, respectively, p < 0.0001; Fig. 2).

Among participants who had serologic evidence of SARS-

CoV-2 exposure after vaccination, 67% (26/39) were

nucleocapsid antibody positive before vaccination, and

3% (1/39) were nucleocapsid antibody positive after vac-

cination. For the remaining 31% (12/39), nucleocapsid

antibodies were detected in the first sample following vac-

cination; therefore, we were unable to determine whether

vaccination or SARS-CoV-2 exposure occurred first.

Samples for those 12 participants go directly from

prevaccination/pre-exposure to postvaccination/postexpo-

sure, and only the vaccination date is definitively known.

In participants with serologic evidence of SARS-CoV-2

exposure, significantly higher spike RBD antibody levels were

observed after vaccination, with mean (range) levels increas-

ing from 27 (0.4–80.2) U/mL prevaccination to 3218 (10.7–
27,800) U/mL after non-mRNA vaccination (p = 0.008) and

from 55.6 (0.4–555.5) U/mL prevaccination to 6444 (76.2–

Figure 3. Serologic response to non-mRNA and mRNA SARS-CoV-2 vaccinations in participants with no serologic evidence of SARS-CoV-2

exposure. Spike RBD antibody levels ≥0.8 U/mL were considered an indicator of seroconversion. The horizontal dashed line represents the

seroconversion threshold (0.8 U/mL). Mean pre-vaccination spike RBD antibody levels for each group were below the lower limit of quantitation

of the assay (0.4 U/mL). Participants who were nucleocapsid antibody negative did not have serologic evidence of SARS-CoV-2 exposure. The p

value was determined via t-test for log2 SARS-CoV-2 spike RBD antibody levels. RBD, receptor binding domain; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2; SD, standard deviation.
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44,260) U/mL after mRNA vaccination (p < 0.0001; Fig. 5).

Spike RBD antibody levels were significantly higher in those

who received an mRNA vaccine compared with those who

received a non-mRNA vaccine (mean [range]: 6444 [76.2–
44,260] U/mL versus 3218 [10.7–27,800] U/mL, respectively,

p = 0.01; Fig. 5). Seroconversion occurred in 100% (39/39)

of fully vaccinated participants, regardless of vaccination type

(Fig. 5). In the 179 participants with serologic evidence of

SARS-CoV-2 exposure, mRNA vaccines were predictive of

higher antibody levels (linear regression adjusted for age,

BMI, and sex: 8.8-fold increase in levels) compared with

non-mRNA vaccines. Age, BMI, and sex were not predictive

of spike RBD antibody levels after exposure to SARS-CoV-2.

Longitudinal serologic response to SARS-
CoV-2 exposure and SARS-CoV-2 vaccination

Unvaccinated participants with serologic evidence of

SARS-CoV-2 exposure mounted a spike RBD antibody

response (mean [range]: 238.6 [0.4–14,710 U/mL];

Fig. 6). In a subset of participants with serologic data

available before SARS-CoV-2 exposure prior to vaccina-

tion (n = 9/18), spike RBD antibody levels rose after

exposure and rose further following full vaccination

(p < 0.0001; Fig. 6). In participants with serologic evi-

dence of SARS-CoV-2 exposure, those who were vacci-

nated had higher spike RBD antibody levels than those

who were unvaccinated (mean [range]: 5537 [12.4–
44,260] U/mL versus 238.6 [0.4–14,710] U/mL, respec-

tively, p < 0.0001; Fig. 6).

There was no evidence of an association between par-

ticipant characteristics and spike RBD antibody levels in

those with serologic evidence of SARS-CoV-2 exposure.

In 174 participants with serologic evidence of SARS-CoV-

2 exposure and ALC samples available, ALC was not pre-

dictive of spike RBD antibody levels, regardless of vacci-

nation type or status (Fig. 7).

Safety

A total of 10% (15/148) of vaccinated participants

contracted COVID-19 after being fully vaccinated

(confirmed = 12; suspected = 3); all events were nonser-

ious and not severe. Thirty-three percent (5/15) of partic-

ipants who contracted COVID-19 after being fully

vaccinated had spike RBD antibody results available, cor-

responding to a mean (range) of 4936 (76.2–11,440) U/

mL. In the 77.4% (103/133) of fully vaccinated partici-

pants who did not contract COVID-19 and had spike

RBD antibody results available, mean (range) spike RBD

antibody levels were 846 (0.4–44,260) U/mL. Eleven of

the COVID-19 cases were considered moderate and four

were mild. Ozanimod treatment was continued in nine

participants and temporarily interrupted in five (one

unknown). Eleven participants recovered by the time of

data cutoff, and one recovered with sequelae (cough and

loss of sense of smell). All participants subsequently

recovered.

Discussion

The results of this retrospective analysis of the DAY-

BREAK open-label extension trial demonstrated that most

participants with RMS receiving long-term treatment with

ozanimod mount a serologic response to SARS-CoV-2

vaccination and infection based on measurement of spike

RBD antibody levels. In this analysis, all COVID-19–
related AEs post–full vaccination in participants taking

ozanimod were nonserious and not severe.

While most ozanimod-treated participants in this study

had postvaccination spike RBD antibody levels that met

the criteria for seroconversion, heterogeneity in the mag-

nitude of serologic response was observed, with some

Figure 4. Association between ALC and spike RBD antibody levels in

participants with no serologic evidence of SARS-CoV-2 exposure.

Spike RBD antibody levels ≥0.8 U/mL were considered an indicator

of seroconversion. The horizontal dashed line represents the

seroconversion threshold (0.8 U/mL). Participants who were

nucleocapsid antibody negative did not have serologic evidence of

SARS-CoV-2 exposure. A linear model regressed log2 SARS-CoV-2

spike RBD antibody levels on vaccine type and log2 ALC levels; age,

body mass index, and sex were controlled for in the model. ALC,

absolute lymphocyte count; RBD, receptor binding domain; SARS-

CoV-2, severe acute respiratory syndrome coronavirus 2.
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participants developing low (<0.8 U/mL; seroconversion

cut-off) antibody levels. This finding is not unexpected

because varying levels of spike RBD antibodies were

reported in the general population,26 including homoge-

nous populations of healthy individuals.27 In addition, a

large, real-world study using the Siemens Healthineers

Atellica IM SARS-CoV-2 IgG assay and different sample

timing relative to vaccination compared with the analysis

presented here, plus no assessment of previous SARS-

CoV-2 exposure, showed S1P receptor modulators (pri-

marily fingolimod) to be similar to anti-CD20 therapies

with regard to patients with MS achieving lower serologic

responses compared with other DMTs.28 These findings

highlight the complexity of postvaccination serologic

responses across DMTs.28 Given the heterogeneity of anti-

body response, some patients with RMS who are taking

S1P receptor modulators and other immunomodulating

therapies may benefit from mitigation strategies (e.g.,

booster doses29–31) beyond the primary SARS-CoV-2 vac-

cination series to allow for development of a more robust,

postvaccination immune response.29–32

Predictors of serologic response to vaccination would

be useful when developing tailored treatment approaches

for patients with MS taking ozanimod; however, no

association between age, ALC, BMI, or sex and spike

RBD antibody levels or seroconversion was found in the

present analysis. These findings align with other studies

that also reported no association between seroconversion

Figure 5. Serologic response to non-mRNA and mRNA SARS-CoV-2 vaccinations in participants with serologic evidence of SARS-CoV-2 exposure.

Spike RBD antibody levels ≥0.8 U/mL were considered an indicator of seroconversion. The horizontal dashed line represents the seroconversion

threshold (0.8 U/mL). Participants who were nucleocapsid antibody positive had serologic evidence of SARS-CoV-2 exposure. The p values were

determined via t-test for log2 SARS-CoV-2 spike RBD antibody levels. RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2; SD, standard deviation.
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after vaccination against SARS-CoV-2 and the demo-

graphic or clinical characteristics of patients with

MS7,10,33; however, there are conflicting data in the liter-

ature regarding associations between ALC and RBD anti-

body levels.10,32–35 Additional studies are needed to

evaluate other patient characteristics as predictors of

serologic response given these conflicting data. In the

analysis presented here, vaccination type was the only

predictor of spike RBD antibody levels and seroconver-

sion, where mRNA vaccination was predictive of higher

spike RBD antibody levels and seroconversion rates

compared with non-mRNA vaccines.

Figure 6. Longitudinal serologic response to SARS-CoV-2 vaccination and infection. aNine of 18 participants had serologic data available before

SARS-CoV-2 exposure prior to vaccination; p < 0.0001 for the whole analysis set and the 9/18 participants with serologic data available before

SARS-CoV-2 exposure prior to vaccination. Spike RBD antibody levels ≥0.8 U/mL were considered an indicator of seroconversion. The horizontal

dashed line represents the seroconversion threshold (0.8 U/mL). Participants who were nucleocapsid antibody negative did not have serologic

evidence of SARS-CoV-2 exposure, and participants who were nucleocapsid antibody positive had serologic evidence of SARS-CoV-2 exposure.

Gray lines connect data from serum samples collected from the same participant before and after SARS-CoV-2 vaccination and/or exposure.

Sample sizes varied due to the retrospective nature of the study, and participants were not matched before or after SARS-CoV-2 vaccination and/

or exposure due to these sample size limitations. A total of 93/140 unvaccinated participants had samples available pre-exposure, 26/39

vaccinated nucleocapsid positive participants had samples available prevaccination but postexposure, and 18/39 participants had samples available

prevaccination and pre-exposure. The p values were determined by comparing log2 SARS-CoV-2 spike RBD antibody level differences between

groups using unpaired t-tests. RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD, standard

deviation.
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The high rate (100%) of seroconversion in ozanimod-

treated participants with RMS after SARS-CoV-2 mRNA

vaccination contrasts with data that observed failure

to develop a postvaccination humoral response in

fingolimod-treated patients with MS fully vaccinated

against SARS-CoV-2 with the Pfizer vaccine (determined

with EUROIMMUN anti-SARS-CoV-2 IgG quantitative

ELISA assay/AGILITY ELISA analyzer [DYNEX]).8

Although the number of studies reporting the impact of

S1P receptor modulators on SARS-CoV-2 vaccination is

relatively small at this time, data currently suggest that

seroconversion rates are generally higher in patients trea-

ted with ozanimod (84%–100%) than fingolimod (28%–
77%).15,21,32,36–38 Differences in seroconversion rates

between fingolimod and ozanimod may be due to varia-

tions in the assays used between studies or may be a

result of differences in S1P receptor specificity, effects on

influencing the adaptive immune system, or patient back-

grounds with respect to prior treatment exposures or

other host factors.38,39 In addition, assays vary in terms of

sensitivity to detect prior infection and in the durability

of measured responses, leading to discrepancies between

data sets.40

In ozanimod-treated participants who received an

mRNA vaccine, the spike RBD antibody levels observed

in this analysis ranged from approximately 1.3 U/mL (in

participants with no serologic evidence of SARS-CoV-2

exposure) to 44,260 U/mL (in participants with serologic

evidence of SARS-CoV-2 exposure). Using the Elecsys

assay implemented in this study, Sormani et al reported

post-SARS-CoV-2 mRNA vaccine antibody levels to range

from approximately 100 U/mL to 10,000 U/mL in

untreated patients with MS; 100 U/mL to 100,000 U/mL

in patients taking glatiramer acetate, interferon, alemtuzu-

mab, cladribine, dimethyl fumarate, teriflunomide, or

natalizumab; and from 1 U/mL to 31,623 U/mL in

patients taking rituximab, fingolimod, or ocrelizumab.10

However, the serum samples assessed in Sormani et al

were consistently 4 weeks postvaccination, whereas the

timeframe of our analysis ranged broadly from 1 day to

229 days (median of 60 days), which may have affected

the measurement of immune response because a number

of samples were acquired very shortly after vaccination or

after spike RBD antibody levels had decreased from their

peak response. In general, contrasting immune response

data to vaccination with that of other studies must be

done with discretion, because large heterogeneity was

observed across commercial assays in terms of antibody

responses to SARS-CoV-2 and inherent problems with

cross trial comparisons.40 Finally, although manufacturers

of SARS-CoV-2 antibody assays generally have predefined

spike antibody levels considered to represent seroconver-

sion, a consensus on protective spike RBD antibody index

values is not established, making interpretation of these

comparisons additionally challenging.

All COVID-19–related AEs post–full vaccination in par-

ticipants taking ozanimod were nonserious and not severe

in our analysis. These findings suggest that SARS-CoV-2

vaccination is effective in limiting disease course in

ozanimod-treated participants with RMS who contracted

COVID-19; however, larger population sizes are needed

to validate these observations.

This study has other limitations. This retrospective

analysis leveraged data acquired from an ongoing clinical

trial designed to study the long-term safety and efficacy

of ozanimod and was not intended to assess the impact

of SARS-CoV-2 vaccinations or COVID-19 outcomes in

study participants. As such, all biological samples were

convenience samples obtained per protocol for safety

assessments, and the timing of serum collection was not

Figure 7. Association between ALC and spike RBD antibody levels in

participants with serologic evidence of SARS-CoV-2 exposure with

and without SARS-CoV-2 vaccination. Spike RBD antibody levels

≥0.8 U/mL were considered an indicator of seroconversion. The

horizontal dashed line represents the seroconversion threshold (0.8 U/

mL), and the vertical dotted line represents 200 ALC/lL. Participants

who were nucleocapsid antibody positive had serologic evidence of

SARS-CoV-2 exposure. A linear model regressed log2 SARS-CoV-2

spike RBD antibody levels on vaccine type (including none) and log2

ALC; age, body mass index, and sex were controlled for in the model.

This analysis set included 174/179 unvaccinated and vaccinated

nucleocapsid positive participants (five time points were missing for

two participants who received an mRNA vaccination and three who

were unvaccinated). ALC, absolute lymphocyte count; RBD, receptor

binding domain; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2.
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optimized to determine serologic responses to SARS-

CoV-2 vaccination. Further, the biological samples

acquired did not include peripheral blood mononuclear

cells, so cellular responses to SARS-CoV-2 vaccination

could not be assayed. Lastly, determination of SARS-

CoV-2 exposure was limited to nucleocapsid antibody

testing which may have caused some selection bias, and

because all participants in this study were treated with

ozanimod, a reference population of participants who

were untreated or treated with other therapies was not

available for comparison.

In conclusion, these data suggest that most ozanimod-

treated participants with RMS mount a serologic response

to SARS-CoV-2 infection and SARS-CoV-2 vaccination,

with a more robust response to mRNA vaccines than

non-mRNA vaccines, regardless of participant characteris-

tics or ALC levels, thereby supporting the use of SARS-

CoV-2 vaccines for most ozanimod-treated participants

with RMS.

Author Contributions

Conception and design of the study: AK, BACC, JKS,

RM, SH. Acquisition and analysis of data: AK, DS, EB,

JKS, RM, SH, YH, YL. Data interpretation: all authors.

Drafting a significant portion of the manuscript or

figures: all authors.

Acknowledgements

This study was supported by Bristol Myers Squibb. All

authors contributed to and approved this manuscript.

Writing and editorial assistance was provided by Noud

van Helmond, MD, PhD, of OPEN Health LLC, and

funded by Bristol Myers Squibb.

Conflict of Interest

BACC reports personal compensation for consulting for

Alexion, Atara, Autobahn, Avotres, Biogen, Boston

Pharma, EMD Serono, Gossamer Bio, Horizon Therapeu-

tics, Immunic AG, Neuron23, Novartis, Sanofi, TG Thera-

peutics, and Therini, and received research support from

Genentech. RM, AK, EB, YI, YH JKD, DS, and SH are

employees and/or shareholders in Bristol Myers Squibb.

ABO has received fees for advisory board participation

and/or consulting from Accure, Atara Biotherapeutics,

Biogen, BMS/Celgene/Receptos, GlaxoSmithKline, Gossa-

mer, Janssen/Actelion, MedImmune, Merck/EMD Serono,

Novartis, Roche/Genentech, and Sanofi-Genzyme; and has

received grant support to the University of Pennsylvania

from Biogen Idec, Merck/EMD Serono, Novartis, and

Roche/Genentech. HPH reports personal fees for

consulting, serving on steering committees, and speaking

from Bayer Healthcare, Biogen, Celgene, GeNeuro, Gen-

zyme, MedImmune, Merck, Novartis, Octapharma,

Roche, Sanofi, and Teva.

Data Availability Statement

BMS policy on data sharing may be found at https://www.

bms.com/researchers-and-partners/independent-research/

data-sharing-request-process.html.

References

1. Zeposia [package insert]. Bristol Myers Squibb; 2022.

2. Zeposia [summary of product characteristics]. Celgene

Distribution B.V.; 2023.

3. Scott FL, Clemons B, Brooks J, et al. Ozanimod

(RPC1063) is a potent sphingosine-1-phosphate receptor-1

(S1P1) and receptor-5 (S1P5) agonist with autoimmune

disease-modifying activity. Br J Pharmacol.

2016;173:1778-1792.

4. Harris S, Tran JQ, Southworth H, Spencer CM, Cree BAC,

Zamvil SS. Effect of the sphingosine-1-phosphate receptor

modulator ozanimod on leukocyte subtypes in relapsing

MS. Neurol Neuroimmunol Neuroinflamm. 2020;7:e839.

5. Dan JM, Mateus J, Kato Y, et al. Immunological memory

to SARS-CoV-2 assessed for up to 8 months after

infection. Science. 2021;371:eabf4063.

6. Bigaut K, Kremer L, Fabacher T, et al. Impact of disease-

modifying treatments of multiple sclerosis on anti-SARS-

CoV-2 antibodies: an observational study. Neurol

Neuroimmunol Neuroinflamm. 2021;8:e1055.

7. Bsteh G, D€urauer S, Assar H, et al. Humoral immune

response after COVID-19 in multiple sclerosis: a nation-

wide Austrian study. Mult Scler. 2021;27:2209-2218.

8. Achiron A, Mandel M, Dreyer-Alster S, et al. Humoral

immune response to COVID-19 mRNA vaccine in patients

with multiple sclerosis treated with high-efficacy disease-

modifying therapies. Ther Adv Neurol Disord.

2021;14:17562864211012835.

9. Wu X, Wang L, Shen L, Tang K. Response of COVID-19

vaccination in multiple sclerosis patients following disease-

modifying therapies: a meta-analysis. EBioMedicine.

2022;81:104102.

10. Sormani MP, Inglese M, Schiavetti I, et al. Effect of SARS-

CoV-2 mRNA vaccination in MS patients treated with

disease modifying therapies. EBioMedicine.

2021;72:103581.

11. Apostolidis SA, Kakara M, Painter MM, et al. Cellular and

humoral immune responses following SARS-CoV-2 mRNA

vaccination in patients with multiple sclerosis on anti-

CD20 therapy. Nat Med. 2021;27:1990-2001.

12. Massetti GM, Jackson BR, Brooks JT, et al. Summary of

guidance for minimizing the impact of COVID-19 on

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1735

B. A. C. Cree et al. COVID-19 in Ozanimod-Treated Participants

https://www.bms.com/researchers-and-partners/independent-research/data-sharing-request-process.html
https://www.bms.com/researchers-and-partners/independent-research/data-sharing-request-process.html
https://www.bms.com/researchers-and-partners/independent-research/data-sharing-request-process.html


individual persons, communities, and health care systems

- United States, august 2022. MMWR Morb Mortal Wkly

Rep. 2022;71:1057-1064.

13. COVID-19 Vaccines for People Who Are Moderately or

Severely Immunocompromised. Centers for Disease

Control and Prevention. 2022. Accessed October 11, 2022.

https://www.cdc.gov/coronavirus/2019-ncov/vaccines/

recommendations/immuno.html?s_cid=11777:

immunocompromised

14. Yamout BI, Zakaria M, Inshasi J, et al. MENACTRIMS

practice guideline for COVID-19 vaccination in patients

with multiple sclerosis. Mult Scler Relat Disord.

2021;56:103225.

15. Satyanarayan S, Safi N, Sorets T, et al. Differential

antibody response to COVID-19 vaccines across

immunomodulatory therapies for multiple sclerosis. Mult

Scler Relat Disord. 2022;62:103737.

16. Cree BA, Selmaj KW, Steinman L, et al. Long-term safety

and efficacy of ozanimod in relapsing multiple sclerosis:

up to 5 years of follow-up in the DAYBREAK open-label

extension trial. Mult Scler. 2022;28:1944-1962.

17. Yazdani A, Mirmosayyeb O, Ghaffary EM, Hashemi MS,

Ghajarzadeh M. COVID-19 vaccines and patients with

multiple sclerosis: willingness, unwillingness and hesitancy:

a systematic review and meta-analysis. Neurol Sci.

2022;43:4085-4094.

18. Cohen JA, Arnold DL, Comi G, et al. Safety and efficacy

of the selective sphingosine 1-phosphate receptor

modulator ozanimod in relapsing multiple sclerosis

(RADIANCE): a randomised, placebo-controlled, phase 2

trial. Lancet Neurol. 2016;15:373-381.

19. Cohen JA, Comi G, Selmaj KW, et al. Safety and efficacy

of ozanimod versus interferon beta-1a in relapsing

multiple sclerosis (RADIANCE): a multicentre,

randomised, 24-month, phase 3 trial. Lancet Neurol.

2019;18:1021-1033.

20. Comi G, Kappos L, Selmaj KW, et al. Safety and efficacy

of ozanimod versus interferon beta-1a in relapsing

multiple sclerosis (SUNBEAM): a multicentre,

randomised, minimum 12-month, phase 3 trial. Lancet

Neurol. 2019;18:1009-1020.

21. Gombolay GY, Dutt M, Tyor W. Immune responses to

SARS-CoV-2 vaccination in multiple sclerosis: a systematic

review/meta-analysis. Ann Clin Transl Neurol.

2022;9:1321-1331.

22. Elecsys Anti-SARS-CoV-2 S [product insert]. Roche

Diagnostics GmbH; 2021.

23. Riester E, Findeisen P, Hegel JK, et al. Performance

evaluation of the Roche Elecsys anti-SARS-CoV-2 S

immunoassay. J Virol Methods. 2021;297:114271.

24. Jochum S, Kirste I, Hortsch S, et al. Clinical utility of

Elecsys anti-SARS-CoV-2 S assay in COVID-19

vaccination: an exploratory analysis of the mRNA-1273

phase 1 trial. Front Immunol. 2022;12:798117.

25. Elecsys Anti-SARS-CoV-2: Immunoassay for the

Qualitative Detection of Antibodies Against SARS-CoV-2.

Roche Diagnostics. 2020. Accessed October 11, 2022.

https://diagnostics.roche.com/us/en/products/params/

elecsys-anti-sars-cov-2.html

26. Carrat F, Villarroel PMS, Lapidus N, et al. Heterogeneous

SARS-CoV-2 humoral response after COVID-19

vaccination and/or infection in the general population. Sci

Rep. 2022;12:8622.

27. Le Bert N, Chia WN, Wan WY, et al. Widely

heterogeneous humoral and cellular immunity after mild

SARS-CoV-2 infection in a homogeneous population of

healthy young men. Emerg Microbes Infect.

2021;10:2141-2150.

28. Cohen JA, Bermel RA, Grossman CI, et al.

Immunoglobulin G immune response to SARS-CoV-2

vaccination in people living with multiple sclerosis within

multiple sclerosis partners advancing technology and

health solutions. Mult Scler. 2022;28:1131-1137.

29. Dreyer-Alster S, Menascu S, Mandel M, et al. COVID-19

vaccination in patients with multiple sclerosis: safety and

humoral efficacy of the third booster dose. J Neurol Sci.

2022;434:120155.

30. K€onig M, Torgauten HM, Tran TT, et al.

Immunogenicity and safety of a third SARS-CoV-2

vaccine dose in patients with multiple sclerosis and

weak immune response after COVID-19 vaccination.

JAMA Neurol. 2022;79:307-309.

31. Meyer-Arndt L, Braun J, Fauchere F, et al. SARS-CoV-2

mRNA vaccinations fail to elicit humoral and cellular

immune responses in patients with multiple sclerosis

receiving fingolimod. J Neurol Neurosurg Psychiatry.

2022;93:960-971.

32. Milo R, Staun-Ram E, Karussis D, et al. Humoral and

cellular immune responses to SARS-CoV-2 mRNA

vaccination in patients with multiple sclerosis: an Israeli

multi-center experience following 3 vaccine doses. Front

Immunol. 2022;13:868915.

33. Achtnichts L, Ovchinnikov A, Jakopp B, et al. SARS-CoV-

2 mRNA vaccination in people with multiple sclerosis

treated with fingolimod: protective humoral immune

responses may develop after the preferred third shot.

Vaccine. 2022;10:10.

34. Drulovic J, Ivanovic J, Martinovic V, et al. Humoral

response to SARS-CoV-2 COVID-19 vaccines in patients

with multiple sclerosis treated with immune reconstitution

therapies. Mult Scler Relat Disord. 2021;54:103150.

35. Achiron A, Mandel M, Gurevich M, et al. Immune

response to the third COVID-19 vaccine dose is related to

lymphocyte count in multiple sclerosis patients treated

with fingolimod. J Neurol. 2022;269:2286-2292.

36. Akg€un K, Dunsche M, Katoul Al Rahbani G, et al.

Different type and timing of S1P receptor modulator

therapy impacts T and B cell response after SARS-CoV2

1736 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

COVID-19 in Ozanimod-Treated Participants B. A. C. Cree et al.

https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/immuno.html?s_cid=11777:immunocompromised
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/immuno.html?s_cid=11777:immunocompromised
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/immuno.html?s_cid=11777:immunocompromised
https://diagnostics.roche.com/us/en/products/params/elecsys-anti-sars-cov-2.html
https://diagnostics.roche.com/us/en/products/params/elecsys-anti-sars-cov-2.html


vaccination [abstract P316]. Mult Scler. 2022;28(3

suppl):347-348.

37. Kantor D. SARS-CoV-2 vaccine response in RMS patients

treated with ozanimod and other DMTs [abstract P13-

4.008]. Neurology. 2022;98(18 suppl):3849.

38. Baker D, Forte E, Pryce G, et al. The impact of

sphinogosine-1-phosphate receptor modulators on

COVID-19 and SARS-CoV-2 vaccination. Mult Scler Relat

Disord. 2022;69:104425.

39. Jakimovski D, Zakalik K, Awan S, et al. COVID-19

vaccination in multiple sclerosis and inflammatory

diseases: effects from disease-modifying therapy, long-term

seroprevalence and breakthrough infections. Vaccine.

2022;10:695.

40. Peluso MJ, Takahashi S, Hakim J, et al. SARS-CoV-2

antibody magnitude and detectability are driven by

disease severity, timing, and assay. Sci Adv. 2021;7:

eabh3409.

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1737

B. A. C. Cree et al. COVID-19 in Ozanimod-Treated Participants


	 Abstract
	 Introduction
	 Methods
	 Study design
	 Participants
	 Procedures
	 Serology analysis
	 AE reporting
	 Statistical analyses

	 Results
	 Participant disposition and baseline characteristics
	 Response to �SARS-CoV��-2� vaccination in participants without prior �SARS-CoV��-2� exposure
	acn351862-fig-0001
	acn351862-fig-0002
	 Response to �SARS-CoV��-2� vaccination in participants with prior �SARS-CoV��-2� exposure
	acn351862-fig-0003
	 Longitudinal serologic response to �SARS-CoV��-2� exposure and �SARS-CoV��-2� vaccination
	 Safety

	 Discussion
	acn351862-fig-0004
	acn351862-fig-0005
	acn351862-fig-0006
	acn351862-fig-0007

	 Author Contributions
	 Acknowledgements
	 Conflict of Interest
	 Data Availability Statement

	 References
	acn351862-bib-0001
	acn351862-bib-0002
	acn351862-bib-0003
	acn351862-bib-0004
	acn351862-bib-0005
	acn351862-bib-0006
	acn351862-bib-0007
	acn351862-bib-0008
	acn351862-bib-0009
	acn351862-bib-0010
	acn351862-bib-0011
	acn351862-bib-0012
	acn351862-bib-0013
	acn351862-bib-0014
	acn351862-bib-0015
	acn351862-bib-0016
	acn351862-bib-0017
	acn351862-bib-0018
	acn351862-bib-0019
	acn351862-bib-0020
	acn351862-bib-0021
	acn351862-bib-0022
	acn351862-bib-0023
	acn351862-bib-0024
	acn351862-bib-0025
	acn351862-bib-0026
	acn351862-bib-0027
	acn351862-bib-0028
	acn351862-bib-0029
	acn351862-bib-0030
	acn351862-bib-0031
	acn351862-bib-0032
	acn351862-bib-0033
	acn351862-bib-0034
	acn351862-bib-0035
	acn351862-bib-0036
	acn351862-bib-0037
	acn351862-bib-0038
	acn351862-bib-0039
	acn351862-bib-0040


